Mesozoic mafic dikes are widely distributed in Luxi (Mengyin and Zichuan) and Jiaodong regions of the Shandong Peninsula, China, providing an opportunity of investigating the nature of the lost lithospheric mantle beneath the North China Craton (NCC). The mafic dikes are characterized by strong depletion in high field strength elements (HFSE), enrichment in light rare earth elements (LREE), highly variable Th/U ratios, high initial ( 87 Sr/ 86 Sr) i (0.7050-0.7099) and negative ε Nd (T) (-6.0 to -17.6). They were derived from melting of metasomatized portions of the subcontinental lithospheric mantle, followed by fractionation of clinopyroxenes. The similarity in Nd isotopic compositions between the Mengyin gabbro dikes and the Paleozoic peridotite xenoliths suggests that ancient lithospheric mantle was still retained at 120 Ma below Mengyin, although the ancient lithospheric mantle in many other places beneath NCC had been severely modified. There might be multiple enrichment events in the lithospheric mantle. An early-stage (before or during Paleozoic) rutilerich metasomatism affected the lithospheric mantle below Mengyin, Jiaodong and Zichuan. Since then, the lithospheric mantle beneath Mengyin was isolated. A late-stage metasomatism by silicate melts modified the lithospheric mantle beneath Jiaodong and Zichuan but not Mengyin. The removal of the enriched lithospheric mantle and the generation of the mafic dikes may be mainly related to the convective overturn accompanying Jurassic-Cretaceous subduction of the paleoPacific plate.
A key to understand this tremendous thinning of the lithospheric mantle is to investigate the nature of the lost lithospheric mantle beneath NCC. The widely distributed Mesozoic mafic rocks in NCC may contain valuable information about the nature of the lithosphere, the types and origins of mantle reservoirs and the mechanisms of lithosphere thinning. Mesozoic mafic dikes are the most abundant in the Shandong province on the NCC. This paper presents elemental and Nd, Sr and Pb isotopic data for some newly reported mafic dikes from Shangdong to decipher the petrogenesis of these mafic dikes and the evolution of mantle lithosphere beneath the Shandong Peninsula.
GEOLOGICAL SETTINGS AND PETROGRAPHY
North China Craton (NCC) consists of two Archean blocks, the eastern and western blocks, separated by a 1.8 Ga Proterozoic orogenic belt (Zhao et al., 2001) . The basement of the Archean blocks consists predominantly of Archean to Proterozoic tonalite-trondhjemitegranodiorite (TTG) gneisses and greenschist to granulite facies metamorphic rocks, covered by Sinian to Ordovician marine carbonates and shales, Carboniferous to Permian continental clastic rocks and Mesozoic basin
INTRODUCTION
The geology of the North China Craton (NCC) in eastern China is fascinating, not only because NCC is one of the oldest continental blocks on the Earth (Liu et al., 1992) , but also owing to its unique transition from a thick and cold Paleozoic lithosphere to a thin and hot Cenozoic lithosphere (Menzies et al., 1993; Griffin et al., 1998; Fan et al., 2000; . Comparative studies of mantle xenoliths captured by Ordovician kimberlites and Cenozoic alkaline basalts suggested that more than 100 km of ancient refractory lithospheric mantle beneath NCC has been removed and replaced by young and more fertile mantle materials (Menzies et al., 1993; Griffin et al., 1998; Xu, 2001; Guo et al., 2003) . The triggering mechanism of the tremendous thinning and replacement of the lithospheric mantle, however, is still in debate. Such lithospheric thinning has been attributed to Yangtz-NCC collision and subsequent continental subduction (Jahn et al., 1999; Xu, 2001; or the subduction of the paleo-Pacific slab beneath the NCC (Chen et al., 2003 (Chen et al., , 2004 .
deposits. Volcanism has become active in the eastern block since the Paleozoic, especially in Shandong Province (Fig. 1 ). In contrast, there are significantly less volcanic activities in the western block.
The tectonics of Shandong Province was divided into two parts by a long-lived wrench fault zone-TanchengLujiang Fault (Fig. 1b) . The eastern part is named Jiaodong and the western part is called Luxi. Mesozoic mafic intrusions and volcanic rocks are widely distributed in both Jiaodong and Luxi regions Guo et al., 2003 Guo et al., , 2004 Yang et al., 2004) . This study focuses on a suite of mafic dikes from the Jiaodong (Weihai, Yantai, and Longkou) and Luxi (Zichuan and Mengyin) regions (Fig. 1b) . The K-Ar ages of these dikes range from 100 to 140 Ma (Liu et al., 2004) , similar to the ages of other mafic rocks from the eastern North China Craton (90-180 Ma) (Qiu et al., 2001; Xu et al., 2004a, b; Zhang et al., 2004) . Sample  CZ2  LH2  GS1  WF2  WJ1  WJ8  DK3  DK9  CG2  LCII6  LCII8  LCI5  LCI7  LM1  Rock type  SP  SP  SP  SP  SP  SP  SP  SP  Gabbro  Gabbro  Gabbro  SP  SP The mafic dikes from the Jiaodong region are mainly lamprophyres (spessartites) and gabbros, and the dikes from the Luxi region are gabbros and diabases. Spessartites contain abundant (>30%) phenocrysts of euhedral amphibole (0.3-1.0 mm size). Minor (5%) phenocrysts of pyroxenes are also present. The groundmass includes fine-grained (0.02-0.06 mm) amphiboles, plagioclase (0.02-0.05mm) and minor carbonate and magnetite. Gabbros consist of 25% coarsegrained phenocrysts of clinopyroxene and plagioclase, and 
ANALYTICAL METHODS
All samples were crushed into millimeter chips and fresh chips were handpicked under a binocular microscope. Selected chips were washed using pure water in an ultrasonic bath. Whole-rock samples were powdered to 200 meshes using an agate mill. The major elements were analyzed by wet chemical analysis at the Institute of Geochemistry, Chinese Academy of Sciences (IGCAS). Analytical uncertainties are ±1% to 3% for major elements. The rare earth elements and other trace elements were analyzed using a PE Elan 6000 ICP-MS at the Isotope Analysis Center of IGCAS. The procedure of sample dissolution and analysis of international rock standards have been documented in Liu et al. (1996) . Analytical accuracy is better than 5% for REE, and 10% for other trace elements. Rock powders for isotope analysis were leached using purified 6 N HCl at room temperature for 24 hours before dissolution to avoid the influence of alteration especially for Sr isotopes. All samples for Sr and Nd isotopic analyses were dissolved in Teflon bombs using HF + HNO 3 mixture. Rb, Sr, Sm and Nd were separated using conventional cation-exchange columns. Sr and Nd isotopes were determined at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. A Micromass ISOPROBE multi-collector ICP mass spectrometer was used for Sr and Nd isotopic measurements. Nd-149 Sm spikes. Samples for Pb isotope analyses were dissolved using HF + HClO 4 mixture. Pb was extracted and purified using HBr and HCl anion microcolumn procedures. The Pb isotope analyses were performed at the Isotope Analysis Center of the Institute of Geology, Beijing Nucleus Industry, using a MAT261 thermal ionization mass spectrometer. Pb isotope ratios in samples were corrected for mass fractionation of 0.12%/ amu (atomic mass unit), based on repeated analyses of Pb isotope standard NBS 981 against the value of this standard recommended by Todt et al. (1996) . Whole procedural blanks were <100 pg for Nd, 200-500 pg for Sr and <500 pg for Pb.
RESULTS

Major and trace elements
Twenty-four samples have been selected for major and trace element analyses and the results are given in Table 1 . Their SiO 2 contents range from 45 wt.% to 53%. Sun and McDonough (1989 (Fig. 2) . The Menyin dikes (GCH2 and GCH7) show moderate enrichment in light rare earth elements (LREE) and large ion lithophile elements (LILE, such as Ba, Sr, Pb and K) while all other dikes display strong enrichment in both LREE and LILE (Fig. 3) . All samples exhibit distinctive negative anomalies in high field strength elements (HFSE, such as Nb and Ti) and positive anomalies in Pb. They are completely distinguishable from many volcanic rocks like MORB, OIB, and kimberlites that usually show no or insignificant HFSE anomalies (Sun and McDonough, 1989) . The mafic dikes have substantially higher Ba/Nb and La/Nb ratios than those of MORB and OIB, but are similar to arc volcanics defined by the early Cretaceous mafic-ultramafic intrusions in the north Dabie complex (Jahn et al., 1999) (Fig. 4) .
. C1 chondrite-normalized rare earth element patterns and primitive-mantle-normalized spider diagrams for the Mesozoic mafic dikes. REE abundances for chondrites and trace element abundances for primitive mantle are from
Nd, Sr and Pb isotopes
Nd, Sr and Pb isotopic compositions are presented in (Sun and McDonough, 1989) ; CC, continental crust (Taylor and McLennan, 1985; Condie, 1993) ; Clastic sediment average (Condie, 1993); MORB, OIB and Dupal OIB (Le Roux, 1986 Zindler and Hart (1986) and ; the field of Cenozoic basalt is from (Fig. 6) , which is in sheer contrast with the fine Pb-Sr and Pb-Nd isotope correlations displayed by Cenozoic basalts in eastern China (Basu et al., 1991; Zou et al., , 2003 . It is noted that mafic rocks from other regions of the NCC also exhibit random correlations between ( .
Lead isotopic compositions are plotted in Fig. 7 (Hart, 1984) , which is similar to the case for the Mesozoic gabbros from Taihangshan on NCC (Chen et al., 2004 
DISCUSSION
Crustal contamination and fractional crystallization
The geochemical characteristics, including significant depletion in HFSE, strong enrichment in LILE, and highly negative ε Nd (T), suggest a role of a continental component in the magma genesis of the mafic dikes. Such continental signature may be introduced by contamination during magma ascent or reflects the feature of a metasomatized mantle source. Since the mafic dikes emplaced in the continental environments, it is necessary to evaluate the effect of crustal contamination. A number of lines of evidence, however, argue against significant crustal contamination during magma ascent.
(1) Significant involvement of crustal materials cannot be reconciled with the low SiO 2 (45-53%) contents in all mafic dikes. With the exception of three Zichuan samples, the dikes have high Mg number (0.55 to 0.74) and Cr contents (115-1800 ppm), which is inconsistent with extensive crustal contamination.
( (Fig. 8E) , the negative correlation also argues against crustal contamination.
The positive correlations of MgO vs. CaO and Cr call for clinopyroxene fractionation, whereas the negative correlations of MgO vs. Al 2 O 3 and Sr suggest that plagioclase differentiation is insignificant. Excluding three low-MgO Zichuan samples, the lack of correlations of MgO vs. total iron argues against significant olivine fractionation and the absence of correlations of MgO vs. TiO 2 disapproves fractionation of Fe-Ti oxides. As a whole, fractionation of clinopyroxene can roughly account for the chemical variations in the mafic dikes. As for the three low-MgO samples from Zichuan, they display negative correlations between MgO and total iron and between MgO and TiO 2 , suggesting possible fractional crystallization of olivine and Fe-Ti oxides.
In summary, the compositions of the mafic dikes are not significantly affected by continental contamination during magma ascent. As for fractional crystallization, three low-MgO samples from Zichuan may experience fractionation of clinopyroxene, olivine and Fe-Ti oxides whereas all other samples may go through fractionation of clinopyroxene only. The isotopic compositions and highly incompatible element ratios with similar bulk partition coefficients, therefore, closely reflect source characteristics and mantle processes and the continental signature reflects a feature of the enriched mantle source.
Petrogenesis of the mafic dikes
The Mengyin dikes display moderate enrichment in LREE and LILE and have high Mg# (0.69-0.74) and Cr contents (>700 ppm). Their Nd and Sr isotopic compositions (ε Nd (T) = -6 to -7 and age-corrected initial 87 Sr/ 86 Sr, I Sr = 0.706 to 0.707) are similar to the mantle peridotite xenoliths captured by Paleozoic kimberlites from NCC (ε Nd (T) ≈ -5.0 and I Sr ≈ 0.705, recalculated to 125 Ma) (Zheng and Lu, 1999) . Thus, the mantle source for the Mesozoic Mengyin dikes mostly retained the isotopic characteristics of the ancient lithospheric mantle without much modification. This is consistent with the suggestion that Archean lithospheric mantle may be preserved beneath Mengyin (Griffin et al., 1998) .
In contrast to the Mengyin dikes, other Mesozoic mafic dikes (including those from Jiaodong and Zichuan) are featured by their strong enrichment in LREE and LILE, significant depletion in HFSE, and highly negative ε Nd (T) and high I Sr . Clearly, the lithospheric mantle source to generate the Jiaodong and Zichuan mafic dikes had already been severely modified.
The lack of good correlations between Nd, Sr and Pb isotopes reveals that the mafic lavas were not generated by simple binary mixing of typical mantle end members, for example, DMM + EM1 or DMM + EM2. The isotopic characteristics of the mafic dikes may suggest mixing of three mantle end members. Although the mixing of a depleted asthenospheric component (similar to the Indian MORB source) and enriched mantles can account for the isotopic variations in the Cenozoic basalts in eastern China owing to their chemical similarity to ocean island basalts, this depleted asthenospheric mantle similar to Indian MORB source may not fit for the Mesozoic dikes characterized by significant depletion in HFSE and low 143 Nd/ 144 Nd. We will use inherited lithospheric mantle instead. The isotopic characteristics in the Shandong mafic dikes may reflect the mixing of an inherited lithospheric mantle characterized by moderately negative ε Nd (T) and moderately high 87 Sr/ 86 Sr, and metasomatic components with highly negative ε Nd (T) and high and variable 87 Sr/ 86 Sr (Gao et al., 2002; , (Fig. 7) . Some samples from Zichuan and Weihai require an additional component in EM2 (Fig. 7) , such as middle or upper crustal materials. The lack of correlations in the Nd-Sr-Pb isotope diagrams further indicates that the phlogopite/clinopyrocene ratios in the metasomatized mantle source vary significantly (Schmidt et al., 1999) .
Nature of the metasomatized mantle
The Th/U ratios in the Shandong mafic dikes may provide more insights into the mantle enrichment processes. The Th/U ratios are mostly indicative of mantle source characteristics, as partial melting or fractional crystallization cannot strongly fractionate Th from U (O' Nions and McKenzie, 1993; . The Mengyin mafic dikes have Th/U ratios ranging from 2.0 to 3.3, within the range of depleted mantle and the bulk silicate earth. In comparison, the samples from Jiaodong and Zichuan display higher Th/U ratios, ranging from 3.1 to as high as 7.6 (Fig. 9A) . High Th/U ratios of 7.6 have been reported from Gaussberg lamproites that were generated by melting of phlogopite-rich metasomatized lithospheric mantle . Substantial fractionations of Th and U are difficult to produce by magmatic processes, but can occur at the Earth's surface under oxidizing conditions that favor the more soluble U 6+ over U 4+ . Therefore, high Th/U ratios of the Jiaodong and Zichuan mafic dikes indicate the possible involvement of middle, even upper crust in their sources. This is consistent with the high 208 Pb/ 204 Pb in some of the Jiaodong and Zichuan mafic dikes.
It is noted that Th/U ratios and ε Nd (T) display negative correlations (Fig. 9B) . This may reflect the source mixing of the inherited mantle with crustal materials, as continental materials have higher Th/U and lower ε Nd (T) as compared with inherited mantle sources. The negative correlations can not be explained by alterations as ε Nd (T) is insensitive to alterations.
Because Nb and Ta display similar geochemical behaviors owing to their nearly identical ionic radii and charge, Nb/Ta ratios are hardly affected by magmatic processes unless a significant volume of rutile or lowMg amphibole is involved in the mantle source (Rudnick et al., 2000; Foley et al., 2002) . Rutile is the major phase to produce high Nb/Ta ratios in the melt whereas low-Mg amphibole is the dominant phase to generate low value in the melt (Rudnick et al., 2000; Foley et al., 2002) . The primitive mantle has Nb/Ta ratio of 17.5 (Sun and McDonough, 1989) . The Mengyin dikes have Nb/Ta ratios ranging from 19 to 25 and the dikes from Jiaodong and Zichuan have similar Nb/Ta ratios (18-23) (Fig. 10A) . The high Nb/Ta ratios in all mafic dikes may support the presence of a rutile-rich metasomatism. The presence of 1-2% rutile in the mantle pyroxenite xenoliths from Paleozoic Mengyin kimberlites reported by Zheng et al. (2005) provides additional evidence of rutile-rich Metasomatism. Moreover, the similar Nb/Ta ratios between Mengyin and other dikes suggest that the possible rutile-rich metasomatism may have started during or before Paleozoic, as the Mengyin dikes were derived from ancient moderately enriched lithospheric mantle.
The Menyin dikes have low Zr/Hf ratios (26-27). In comparison, the Zr/Hf ratios in Jiaodong and Zichuan samples are higher (36.8 ± 3.1, 2σ) ( Fig. 10) and are similar to the ratio of 36 in primitive mantle (Sun and McDonough, 1989) . Since carbonatite metasomatism might be the main mechanism to increase Zr/Hf ratios in magmas (e.g., Dupuy et al., 1992) , if the Mengyin dikes retained the composition of ancient mantle lithosphere, then the slightly higher Zr/Hf ratios in the Jiaodong and Zichuan samples (Fig. 8 ) may detect minor carbonatite metasomatism in their mantle source. Alternatively, the higher but normal Zr/Hf ratios may reflect significant addition of silicic melts in the lithospheric mantle source. Since carbonatite metasomatism often results in lower Th/ U ratios due to higher U contents in carbonatites , the higher Th/U ratios in the Jiaodong and Zichuan samples (Fig. 9A) do not support carbonatite metasomatism. Thus, we prefer the addition of silicic melts in the lithospheric mantle source, as previously proposed by Zhang et al. (2004) . The high Th/U and Rb/Sr ratios (Fig. 10B) in the Jiaodong and Zichuan dikes further call for the presence of phlogopites in the metasomatized mantle.
Origin of mesozoic magmatism
Diamond inclusions and garnet and spinel concentrates in Ordovician kimberlites reveal the presence of a thick (>180 km), cold and refractory lithospheric keel beneath the NCC prior to the Paleozoic (Menzies et al., 1993; Griffin et al., 1998; Xu, 2001; Gao et al., 2002; Guo et al., 2003) . In contrast, the NCC lithosphere in Cenozoic time has become thin (70-80 km), hot and fertile with MORB-OIB-like Sr-Nd isotopic compositions (Song and Frey, 1989; Tatsumoto et al., 1992; Menzies et al., 1993; Griffin et al., 1998; Fan et al., 2000; Xu, 2001; Zheng et al., 2001) . This implies that more than 100 km of the old and thick lithosphere beneath NCC was destroyed and removed. The removal of the old lithospheric mantle may be related to a Triassic collision between the North China block and the Yangtze Craton to the south (Xu, 2001; or related to the convective overturn accompanying Jurassic-Cretaceous subduction of the paleo-Pacific Plate (Chen et al., 2004; Wu et al., 2005) .
The collision between the North China block and the Yangtze block may not only have destroyed the physical integrity of the NCC to generate weak zones but also have facilitated the interaction between the subducted Yangtze lower crust and the old NCC lithospheric mantle (Xu, 2001) . Indeed a remnant of the subducted Yangtze block has been detected by seismic tomographic analysis of the data recorded in the Dabie-Sulu region . The collision may have started from the northeast in as early as the Early Permian time and ended in the southeast in Late Triassic time by clockwise rotation (Zhang, 1997) . The Triassic collision model and the associated interaction of the Yangtze lower crust and NCC lithospheric mantle may account for the enrichment of the subcontinental lithospheric mantle in the northern Dabei complex (Jahn et al., 1999) near the collision zone. However, the collision mechanism requires a collision along relatively narrow front to have lithosphere-scale effects extending for more than 1000 kilometers northwards (Griffin et al., 1998) . In the Taihangshan and the Beijing region, Cretaceous mafic rocks also show chemical and isotopic compositions very similar to those from Shandong and northern Dabei (Chen et al., 2003 (Chen et al., , 2004 . The Triassic collision model may not be able to explain the generation of the Mesozoic mafic rocks from Taihangshan and Beijing region. Thus, a more prevalent geodynamic setting is called for to explain the widespread Mesozoic magmatism on the NCC.
Alternatively, the Mesozoic magmatism may be related to the Jurassic-Cretaceous subduction of the paleoPacific (Izanagi) Plate, and the Cretaceous-Tertiary subduction of the Pacific plate (e.g., Chen et al., 2004) . The westward motion and subduction of the Izanagi plate started at 135 to 145 Ma (Engebreson et al., 1985) . Subduction of the paleo-Pacific slab beneath the East Asian continent transformed the eastern China, including the eastern part of the NCC, into an active continental margin. A back-arc extensional regime was developed in the eastern China, including the east part of NCC, as a result of the subduction of the paleo-Pacific slab beneath East China (Gilder et al., 1991; Ren et al., 2002) . Convective overturn accompanying Jurassic-Cretaceous subduction may generate thermal erosion and lateral displacement of the subcontinental lithospheric mantle. The Mesozoic subduction of the paleo-Pacific plate along the eastern margin of the continental Asian plate caused the extension of the continental lithosphere and played an important role in the generation of the east China rift system (Tian et al., 1992) . Both the rifting and magmatism might result from the subduction of the paleo-Pacific plate.
Although thinning of the lithospheric mantle and associated magmatism may be mainly related to the subdution of the paleo-Pacific plate, the enrichment of the subcontinental lithospheric mantle beneath NCC may be mainly generated by older event(s). During the early Cretaceous, western Shandong was too far (>1000 km) from the subduction zone of the paleo-Pacific plate (Xu et al., 2004b) . From Late Jurassic to early Cretaceous, the eastern China, including the NCC, was situated in a continental back-arc setting, instead of island arc setting (Gilder et al., 1991; Ren et al., 2002) . The subducted slab may have lost fluids released from subducted sediments before the slab can reach the mantle beneath NCC. The enrichments of the subcontinental lithospheric mantle may have started much earlier and may have multi-stage history as revealed by Th/U, Nb/Ta and Zr/Hf ratios.
The presence of 120 Ma Mengyin mafic dikes with moderately enriched Nd isotopic signatures similar to mantle xenoliths from Paleozoic kimberlites suggests that the old mantle was not yet destroyed in early Cretaceous. The old lithospheric mantle was still retained at 120 Ma, at least in some localities of the NCC. In contrast, in the study region, the Yantai mafic dikes and some dikes from Longkou and Zichuan exhibit highly negative ε Nd (T) values (-14.1 to -17.6). Their ε Nd (T) values are similar to the north Dabie complex (-15 to -20) (Jahn et al., 1999) and Northern Huaiyang Belt (-16 to -24) . The presence of the mafic dikes with highly negative ε Nd (T) in Jiaodong and Zichuan reveals that the ancient lithospheric mantle had been severely metasomatized before early Cretaceous. This indicates non-uniform destruction of the thick mantle lithosphere beneath the NCC.
CONCLUSIONS
The present geochemical and Sr-Nd-Pb isotopic analyses lead to the following conclusions.
1. The mafic dikes in the study region display HFSE depletion, LILE enrichment, highly radiogenic Sr isotopic ratios and non-radiogenic Nd isotopic ratios. They were derived form melting of metasomatized portions of the subcontinental lithospheric mantle, followed by fractionation of clinopyroxenes.
2. Ancient lithospheric mantle beneath Mengyin was still retained at 120 Ma, although most ancient lithospheric mantle beneath Shandong had already been severely modified. This reveals non-uniform modification and destruction of ancient lithospheric mantle beneath NCC.
3. An early-stage (before or during Ordovician) rutilerich metasomatism affected the source rocks for all the mafic dikes, including the ancient mantle lithosphere beneath Mengyin. A younger metasomatism by silicate melts as reflected by high Rb/Sr and Th/U and normal Zr/Hf modified the mantle lithosphere beneath Jiaodong and Zichuan but not Mengyin. At present, the exact timing and enrichment processes beneath the entire NCC are still not fully clear.
4. The extensive thinning of the lithosphere may mainly take place in the late Mesozoic owing to the subduction of the paleo-Pacific plate during late Jurassic and early Cretaceous. The enrichments of the subcontinental lithospheric mantle beneath NCC, however, may be mostly produced by older event(s).
